We consider in detail the effect of the emission of "hadronic" invisible axions (which do not couple to electrons) from the interior of stars on stellar evolution. To this end we calculate plasma emission rates for axions due to the Primakoff process for the full range of conditions encountered in a giant star. Much attention is paid to plasma, degeneracy, and screening effects. We reconsider the solar bound by evolving a 1.0 Mo star to solar age and lowering the presolar helium abundance so as to obtain the correct present-day luminosity of the Sun. The previous bound on the axion-photon coupling of G9 2. 5 {corresponding to rn, 5 17 eV R where R is a model-dependent factor of order unity) is confirmed, where G9 is the coupling constant G in units of 10 GeV We then follow the evolution of a 1.3MO star from zero age to the top of the giant branch. Helium ignites for a11 values of 6 consistent with the solar bound; however, the core mass, surface temperature, and luminosity at the helium flash exceed the standard values. The luminosity at the helium flash is larger than about twice the standard value unless 69 50.3 (corresponding to m, 52 eV R), in conflict with observational data, which are statistically weak, however. We find our most stringent limits from the helium-burning lifetime. In the absence of axion cooling we calculate a lifetime of 1.2)&10' yr which corresponds well with the value 1.5)&10' yr derived from the number of red giants in the "clump" of the open cluster M67 and with the value 1.3)&10 yr derived from the number of such stars in the old galactic disk population. We obtain a conservative limit of G9 g0. 3 which, at saturation, results in a helium-burning lifetime an order of magnitude low. We believe that G9 50. 1 {m, 50.7 eV R) is a reasonably safe limit which, if saturated, leads to a calculated helium-burning lifetime a factor of 2 below the observed value. Our results exclude the recently suggested possibility of detecting cosmic axions through their 2y decay and probably the possibility of measuring the solar hadronic axion flux which, according to our bounds, must be less than 2 &( 10 of the solar luminosity.
I. INTRODUCTION
The issue of CP conservation in strong interactions remains unresolved, the most elegant possible solution still being the Peccei-Quinn mechanism.
In this approach a global chiral U(l) symmetry is imposed on the fundamental interactions and is efFectively used to "rotate away" the unwanted CP-violating phase angle O.
This Peccei-Quinn symmetry is spontaneously broken by a vacuum expectation value vp& of Higgs fields, thereby giving rise to the existence of an (almost) massless, pseudoscalar Goldstone boson: the much-discussed axion.
The experimental or observational consequences of the existence of this particle allow one, in principle, to test the validity of the Peccei-Quinn scheme.
The identification of &2 ufo with the scale f""i, =250
GeV at which the SUL (2) symmetry of weak interactions is spontaneously broken leads to the notion of "standard" axions and a recent variation of this scheme leads to "variant" or "short-lived" axions, all of which appear now to be ruled out by compelling experimental evi- dence.
Therefore, the focus remains on "invisible"-axion models which are characterized by a large value upO &&f""k. The requirement that the energy stored in primeval oscillations of the axion field does not "overclose" the Universe leads to the upper bound Up@ 10' GeV. If this bound were saturated axions would be the dark matter of the Universe and they would, in particular, constitute the dark halo of our own Galaxy. Experiments to measure this hypothetical galactic axion flux are under way, and first results have been reported. ' However, the resulting upper bound on the axion-photon coupling (assuming that galactic axions exist) is trivially satisfied in all typical axion models. It will take several years before the issue of galactic axions in the mass range around 10 eV can be ultimately settled.
Lower bounds on the Peccei-Quinn scale can be obtained from astrophysical arguments. (Ref. 14, to be referred to as paper I).
For hadronic axions one has to rely on processes involving the two-photon coupling of axions, notably on the Primakoff effect ( Fig. 1) 
where, in a large class of grand unified theories, R=1.
Then the solar bound corresponds to m, 5 17 eV R.
Most recently it has been pointed out' that hadronic axions slightly below the solar bound would have been so abundantly produced in the early Universe that their decay a~2y could produce an observable signal, although their contribution to the overall cosmic mass density would still be entirely negligible. In the relevant parameter range, the dominant primordial production is a thermal mechanism involving the Primakoff amplitude. In Table I Table III . It is apparent that the core mass and surface properties at the time of the helium flash are quite insensitive to the initial mass of the star. Specifically the maximum luminosity at the top of the giant branch is a rather universal value for a relatively wide range of stellar masses.
In Fig. 5 we display the Hertzsprung-Russell diagram for G9 --0.3 and in Fig. 6 for G9 --2.5, both for the 1.3Mo case. We also display the relative luminosity in axions and neutrinos, and for the case of G9 --2.5 ( Fig.   6 ) it is apparent that during the main-sequence evolution axion losses are substantially above any other energy-loss mechanism of the star. It is very interesting to observe the dramatic drop in the axion luminosity during the subgiant evolution and beyond: it effectively "switches off" in the core. Even the remaining cooling is strong Table III for the age at the helium flash.
For G9 --1.0 and below, the time scale remains practically unchanged from the no-axion case, and in the case of G9 --0.3 the HR diagram as displayed in Fig. 5 is virtually indistinguishable from the no-axion case (Fig. 4)- aside from the extension of the giant branch to larger luminosities and the evolution beyond the helium flash.
In Fig. 7 It is important to note that at the helium flash it jumps to substantially larger values and becomes the dominant energy-loss mechanism for the star. This is direct evidence that axion losses are most important during the helium-burning phase as anticipated in previous work. posite is true because they are emitted dominantly through the plasma decay process [ Fig. 7(e) ]. The temperature profile in the core displays marked differences between the two cases [Figs. 7(b) and 7(c)]. In the neutrino-only case it has a minimum in the center and a maximum somewhere halfway out to the core boundary.
For the neutrino-plus-axion case it has a distinct maximum at the burning front, a shallow minimum just behind it, and a maximum at the center of the star.
Consequently, the rate for the triple-a reaction is maximum in the center [Fig. 7(e) ] such that the helium Gash occurs from there. In the neutrino-only case, in contrast, it occurs from a shell off center.
Our computer code uses the "classical" neutrino emission rates of Beaudet, Petrosian, and Table III for our "zero age" helium-burning stars.
We then follow their evolution with the strength of axion cooling appropriate for the different core masses.
For the no-axion case the relevant evolution is shown Fig. 4(b derstanding of the method of using stellar evolution as a probe for particle physics. We are confident that this knowledge will prove useful in other cases besides the specific problem discussed here.
